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ABSTRACT
This senior design project consists of a table top model that replicates an industrial threephase electrical distribution system, capable of detecting ground faults and measuring load
fluctuations in a delta-delta ungrounded transformer configuration. This project seeks to
mimic an electrical distribution system operating at 12 kV on the primary and 480 V on the
secondary. The model uses smaller nominal voltages consisting of 240 V on the primary
and 24 V on the secondary. Current and voltage signals derived from the system connect to
a Schweitzer 751-A protective relay which provides the load monitoring and ground fault
detection scheme.
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BACKGROUND
Industrial facilities seeking reliable electrical power, frequently utilize transformers
connected in delta-delta for low-voltage three phase distribution systems. This transformer
configuration can operate even when one of its phases faults to ground.

The

implementation of such transformer connection serves industrial facilities with large, low
voltage transformers. Delta-delta transformers allow for a reduction of single-line-ground
faults (SLG) on the primary system [3]. The implementation of this system is permitted and
must comply with the National Electrical Code Section 250.21(B). Section 250.21(B) states
that, ungrounded alternating current systems operating at not less than 120 volts and not
exceeding 1000 volts require a ground fault detector installed [13].

In addition to the detection of ground faults, industrial facilities often require transformer
load metering to determine differences between the connected load and the real load of a
specific transformer bank. Varying loads connected to the electrical distribution system in
such facilities can create ambiguity of a transformer real capacity. These loads usually
include heaters, pumps, motors and compressors. To determine the real capacity of a
transformer bank, energy demand measurements and the system’s peak demand is
measured and compared to the name plate capacity. Addition of load to the transformer
bank depends on this load analysis.

Motivation for the senior project derives from these two necessary systems in the
industrial facility setting. Through two internship experiences, I noticed that these systems
are implemented using two different devices, a ground fault detection device and an
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electronic logger which measures load current at a certain time intervals. Then arose the
idea of combining both measurements into a device that could compete with the prices of
the two separate devices. This project, cost-effectively, combines both measurements into a
single device using a SEL-751A protective relay
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CHAPTER 1: INTRODUCTION
Grounding methods in power systems are essential since most systems faults involve
ground. A reliable system grounding in a power system can minimize potential transient
voltages that can damage equipment during a fault. This chapter offers a quick summary of
ungrounded systems [15].

1.1 UNGROUNDED SYSTEMS

A system that has no intentional connection to ground is referred to as an ungrounded
system. Ungrounded distribution systems are used in industrial installations due to their
ability to provide continuous service during a single-line-to-ground fault event [14]. In such
event, the fault does not generate a sufficient amount to current to flow and to be detected
by a typical ground overcurrent relay. This project introduces a method for detecting single
ground faults in an ungrounded system.

Figure 1.1 shows the one line diagram of an ungrounded system. Both the primary and
secondary windings of the transformer are connected in delta with no reference to ground.
In the event of a single-line-to-ground fault in this system, the sequence components are
shown in Figure 1.2.

Figure 1.1: Ungrounded System
3

Figure 1.2: Sequence Components for SLG Fault [15]

1.2 SLG Fault Effects

Although operation continues, the insulation of the cables and other equipment is stressed.
The effects of such fault event are the following:
1. Faulted phase voltage à 0V
2. Unfaulted phases voltages increase by √3
3. Phase difference between unfaulted phases decreases from 120° to 60°.
4. All Phase-Phase voltages remain unchanged. (Uninterrupted Load Operation)
The effects listed above can be observed in the phasors shown in Figure 1.3.
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Figure 1.3: Sequence Phasors for SLG Fault [15]
1.3 CAPCITANCE GROUNDING

It is important to note that even though an “ungrounded system” has no intentional
connection to ground, such system is coupled to ground through the distributed
capacitance of the conductors [14]. These distributed capacitances are shown in Figure 1.4
for an ungrounded system operation in normal conditions. This circuit shows a balanced
system, in which the sum of the phase currents should be 0 at the ground point. Figure 1.5
shows the same circuit, now with Phase C faulted to ground. It shows that the fault current
IG is the vector sum of the phase current of A and B. [14]
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Figure 1.4: Distributed System Capacitance [14]
Normal Conditions

Figure 1.5: Distributed System Capacitance [14]
Phase C Faulted
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CHAPTER 2: CUSTOMER NEEDS, REQUIREMENTS & SPECIFICATIONS
Three phase systems that require large currents at low voltages connect transformer banks
in a delta-delta configuration; this guarantees continuity of operation [8]. Customers that
handle such systems include industrial facilities such as power generation, the oil industry,
and any production facility. For this specific project, the customer requires a device that
detects ground faults as well as measure fluctuations in the load. The customer requires a
combination of these two measurements to meet standards, lower costs, and improve
overall reliability and safety. The customer also requires construction and testing of a
table-top model, simulating the facility’s low-voltage distribution system, in a safe and
controlled environment before large-scale implementation. A successful model shows
reliable and accurate protection and metering of the transformers.
2.1 REQUIREMENTS AND SPECIFICATIONS

Testing for safety and reliability of the table-top model is the customer’s main requirement.
Operating the overall system at a maximum voltage of 240 V, providing multiple fault
points, and implementing a ground fault detection scheme compliant with NEC properly
translate the customer requirements into engineering specifications. Table 1 details the
engineering specifications for this project and offers a justification for each. The customer
also requires that the table-top construction and testing does not exceed $6,000. The final
product must be cost effective; the goal is to make it more economical than using different
devices for the load metering and ground fault detection.
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TABLE 1

SYSTEM REQUIREMENTS AND SPECIFICATIONS
Marketing
Engineering
Requirements
Specifications
4
The total cost of the system
< $6,000.

Justification

Final product should compete with
current market prices for Ground Fault
Detectors and Load Metering Devices.
To extrapolate the design to a larger
scale, the model must be successful at
simulation real conditions.
The model should be easily carried by
one person.
Current must flow in one direction
only, upstream to downstream.

6

The final product effectively
models a low-voltage three-wire
electrical distribution system.
5
Table-top configuration fits in a 2’2’- 1” box.
1,2,3
The system operates radially,
allowing current to flow in one
direction from the source to the
load. (Upstreamà Downstream)
1,2,5
Model input power: 120 VAC, 1 Input power provided by a standard
Phase, 60Hz
household outlet for convenience and
simplicity.
5
Three-phase power provided by a Simulation
of
real
industry
variable frequency drive rated environment requires 3-phase power.
0.5Hp, 115V in, 230V out.
1,3
Ground fault protection scheme National Electrical Code Section
included in the model complies 250.21(B), ungrounded alternating
with the National Electrical Code current systems operating at not less
(NEC) section 250.21(B). [13]
than 120 volts and not exceeding 1000
volts must have a ground fault detector
installed.
1,2,5
Three single phase transformers Simulation
of
real
industry
rated for 208 V in, 24 V out, 40VA environment
requires
three
connected in delta-delta.
transformers connected in delta-delta.
1,3
Ground fault simulated at 24VAC, The simulation of the fault to ground
3-Phase, 60Hz.
must be at a low voltage to ensure a
safe system.
Marketing Requirements
1. Safe
2. Reliable
3. Code Compliant
4. Cost Effective
5. User-friendly
6. Effective Model
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CHAPTER 3: FUNCTIONAL DECOPOSITION

Figure 3.1: One Line Diagram
The three-phase delta-delta ungrounded system in Figure 3.1 aims to replicate an
industrial facility distribution system in a safe and controlled environment. Level 0
functional decomposition diagram in Figure 3.2, shows the system’s power input and the
two desired outputs: visual detection of ground faults, and a load profile report. Table 2
further explains the level 0 functional decomposition of the system, describing the overall
functionality of the model.

3.1 LEVEL 0

Power: 120 VAC,
1 Phase, 60Hz

3 PHASE DELTA-DELTA
UNGROUNDED SYSTEM

FIGURE 3.2
LEVEL 0 FUNCTIONAL DECOMPOSITION
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Visual Detection of
Ground Faults
Load Profile Report

TABLE 2
LEVEL 0 FUNCTIONAL REQUIREMENTS

Module
Inputs

3 Phase Delta-Delta Ungrounded System
o Power: 120 VAC, 1 Phase, 6Hz

Outputs

o Visual detection of ground faults
o Load Profile Report
Functionality Replicates an industrial facility’s low-voltage distribution system,
in a safe and controlled environment. The model detects ground
faults in the system and measures load fluctuations over time.
3.2 LEVEL 1

To further describe and characterize the model built for this project, Figure 3.3 shows a
level 1 functional decomposition diagram specifying major subsystems of the design. For
this level 1 decomposition five major subcomponents are shown and further explained in
Table 3.

Figure 3.3: Level 1 Functional Decomposition
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Module
Variable Frequency
Drive

TABLE 3
LEVEL 1 FUNCTIONAL REQUIREMENTS
Inputs
Outputs
120 VAC, 1 Phase,
260 VAC, 3 Phase,
60Hz
60Hz

3-Phase Delta-Delta
Transformer Bank

260 VAC, 3 Phase,
60Hz

24 VAC, 3 Phase, 60Hz

3-Phase Wye- Wye
Power Transformer

24 VAC, 3 Phase,
60Hz

Voltage Signal

Load

24 VAC, 3 Phase,
60Hz

Current Signal

SEL 751-A

120 VAC, 3 Phase,
60Hz

Visual detection of
ground faults and
transformer load
profile report.
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Functionality
Creates 3-phase
power form a singlephase source
Steps down voltage
with a (10:1) ratio
Provides ground
fault detection
reference point
Provides current
signals for SEL relay.
Provides detection
metering scheme for
the system.

CHAPTER 4: PROJECT PLANING
4.1 GANTT CHART

To guarantee the successful completion of this senior design project by Fall 2017, the major
milestones and deliverables follow the timeline shown in Figure 4.1. The Gantt chart shown
details the expected dates for a period of three quarters. The project aims to achieve three
test-built cycles throughout the Spring and Fall quarters of 2017. To achieve proper
documentation, the Gantt chart stresses the documentation of the process completed in
each quarter.
4.1.1 Initial Project Plan

Figure 4.1: Initial Project Planning Gantt Chart
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4.1.2 Projected EE-462 Plan

Figure 4.2: Projected EE 462 Gantt Chart
4.1.3 Actual EE-462 Accomplishments

Figure 4.3 : Actual Accomplishments EE 462 Gantt Chart

4.2 EXPECTED COSTS ESTIMATES

Expected costs for this project are outlined on Table 4. The most outstanding costs are;
electric and hardware components and man-hours to complete the design, building and
testing of the final product. To estimate the costs listed on this table equation 6 in Ford &
Coulson Chapter 10 was implemented [1]. This equation considers the most optimistic,
likely and pessimistic cots estimates to achieve a realistic estimate.

Optimistic Price + 4*Realistic Price + Pessimistic Price 6
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TABLE 4
COSTS ESTIMATES
Item/ Activity

Minimum
Costs

Electronic Components
• Protective Relay
• Variable
Frequency Drive $3,000
• Transformers
• Circuit Breakers
• Light
bulbs
(Load)
Hardware Components
• Wooden surface
• Protective glass
• Terminal Blocks
• Din Rail
Labor (Hours)
• Design (50)
• Build (50)
• Test (50)

$500

$3,000

Expected
Costs

$4,000

Maximum
Costs

$6,000

Justification
Minimum Costs:
considering
SEL
protective
relay
donation or loaner
device.

Expected
Costs:
considering
the
purchase of all
major electronic
components.

$1,000

$5,000

$1,500

$7,000

Maximum Costs:
accounts
for
elevated costs of
variable frequency
drive
and
protective relay.

4.3 ACTUAL COSTS

Project costs were reviewed at the competition of the overall construction of the circuit.
The actual costs are outlined in Table 5. Comparing these with the expected costs, the
major differences are: SEL 751A was donated by Schweitzer Engineering Laboratory and
the Variable Frequency drive is a loaner from industry. Both devices greatly reduced the
overall cost of the project
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TABLE 5
ACTUAL COSTS
Item/ Activity

Electronic Components
• Protective Relay
• Variable Frequency Drive
• Transformers
• Circuit Breakers
• Light bulbs (Load)
Hardware Components
• Wooden surface
• Protective glass
• Terminal Blocks
• Din Rail

Actual Costs

•
•
$200

$200
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Comments
Protective Relay (Donated)
Variable Frequency Drive
(Loaner)

CHAPTER 5: SYSTEM DESIGN
The overall intended electrical design for this project is shown in Figure 5.1. The system
consists of three parts: source, system and detection.

Figure 5.1: Detailed Three Phase Circuit Diagram
5.1 SOURCE

The system designed is a three-phase system. This requires a source able to output three
sinusoidal waves spaced out in time by 120 degrees for a balanced system. For an ideal
wye-grounded three phase source, phase voltages (VAN, VBN & VCN) and line voltages
(VAB, VBC & VCA) are related by the following expression:

𝑽𝑨𝑵 = 𝑽𝑨𝑩 / 𝟑
𝑽𝑨𝑩 𝒍𝒆𝒂𝒅𝒔 𝑽𝑨𝑵 𝒃𝒚 𝟑𝟎°
𝑳𝒊𝒏𝒆 𝑪𝒖𝒓𝒓𝒆𝒏𝒕𝒔 = 𝑷𝒉𝒂𝒔𝒆 𝑪𝒖𝒓𝒓𝒆𝒏𝒕𝒔
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5.2 SYSTEM

This refers to the part of the circuit which intentionally has no reference to ground. It is
comprised of a delta-delta transformer bank, and a three-phase wye-connected load. Since
the load has no reference to ground, it should continue operation uninterrupted through
single line to ground fault occurring on the secondary windings of the delta transformer.

5.3 DETECTION

This part of the circuit is what allows ground faults to be visually detected and recorded in
a system that is intentionally ungrounded. The detection begins with a transformer bank
connected in wye-wye grounded configuration. The ground point for this transformer is
shared with that of the source. This introduces a reference to ground downstream of the
ungrounded system. Visual detection is provided by a set of LED lights connected in wye.

5.4 SEL 751 A RELAY

A microprocessor based relay is fed signals from both the “system” and the “detection”
parts of the circuit shown in Figure 5.1, to log and record faults and variations happening in
the system. More about the functionality and wiring of the protective relay in later sections
of this report.
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CHAPTER 6: DEVELOPMENT & CONSTRUCTION
6.1 CIRCUIT COMPOMENT DESCRIPTION

This section describes in detail the major circuit components used to construct the overall
circuit for this project. Component inputs, outputs, interconnections and technical
specifications are mentioned. Figure 6.1 shows the circuit for this project in its totality. The
complete project sits on a stand-alone plywood assembly taking up an space of 3x2x1 feet.
The circuit has one input, 120 VAC power obtained from a conversional outlet.

Figure 6.1: Overall Circuit
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6.2 Variable Frequency Drive-Phase Conversion (Source)

For this project, a variable frequency drive (VFD) is used to convert single phase 120 VAC
power to three phase power. In industrial facilities, VFDs are widely used to safe energy on
mechanical system by matching motor curves to the demanded load. Even though motor
speed control is the most prevalent VFD application in industry, for this project this device
is only used for phase conversion, not control.

6.2.1 Level 0 Functional Decomposition

Figure 6.2 shows the level 0 functional decomposition for the variable speed drive used:
Schneider Electric ATV1H074F1. The input to this device is 120VAC single phase available in
a conventional outlet. Its output consists of three pulse width modulated (PWM) waveforms
used to simulate a 260 VAC three-phase sinusoidal source.

Figure 6.2: VFD Level 0 Functional Decomposition

Figure 6.3:
Schneider Electric ATV12H075F1

Technical Specifications:
• Manufacturer: Schneider Electric
• Model: ATV12H075F1
• Single Phase Input Voltage 100-120Volts 50/Hz
• 1 HP
• Maximum Line Supply Current
• At U1: 18.9Amps
• At U2: 15.7 Amps
• Maximum Continuous Output Current: 4.2 Amps
• Maximum Transient Current for 60secons: 6.3
Amps
• Dissipated Power at Max Output Current: 48 Watts

19

6.2.2 Circuit Diagram

Figure 6.4 shows a detailed circuit of the variable frequency drive. The internal circuitry of
the device includes a rectifier circuit composed of 6 diodes which act as a AC-DC convertor
for the input voltage. The inverter circuit then turns the original sinusoidal wave into three
pulse width modulated waves.

Figure 6.4: VFD Detailed Circuit

Figure 6.5: VFD Inputs and Outputs
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6.3 Delta-Delta Transformer Bank (Ungrounded System)

To create a three-phase delta-delta transformer bank, three single phase transformers are
connected as shown in Figure 6.6. The input voltage to the primary windings of the
transformer is 260 VAC line-line (output of VFD). The secondary windings are at a
potential of 28VAC line-line.

Single Phase Transformer Specifications
• Manufacturer: White Rogers
• Model: 90-T40F3
• Input 120/208/240 60Hz COM-BLK
• 120V-White 24V-Red 240V-Orange
• Output 24Volts, 40 VA (Blue-Yellow)
• Class 2 Transformer

6.3.1 Circuit Diagram

Figure 6.6: Delta-Delta Transformer Circuit
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Figure 6.7: Delta-Delta Transformer Bank
6.4 Circuit Breakers (Protection and Switches)

The system is equipped with two types of circuit breakers, a set to protect the three-phase
load (Current Limiting), and a set for injecting ground faults into the system per phase
(Ground Fault Switch).
Current Limiting

Ground Fault Switch

A

B

C

A

B

Figure 6.8: Systems Circuit Breakers
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C

6.4.1 Current Limiting Breakers:

A set of three 1 Amp breakers are connected in series between the source (Delta
Secondary) and the load to protect against any overcurrent events. The load is designed
for 6 Watts and 17 Volts per phase which results in 0.25 amps per phase. These breakers
are activated in case of a double-line-ground fault in the system. The tripping
characteristics for these breakers are described by the K-Curve shown in Figure 6.9. In the
case of an overcurrent event, for example Phase A draws 1.5 amps, the current limiting
breakers will trip at 10 seconds.

Figure 6.10: Current Limiting Breakers

Current Limiting Breaker Specifications
• Manufacturer: ABB
• Model: S201-K1
• Tripping Characteristics: K
Figure 6.9: K-Curve Tripping Characteristics
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6.4.2 Ground Fault Switch Breakers:

The second set of breakers in the system is used as switches to independently inject a
ground fault to the desired phase. The input to these breakers is the line voltages out of the
secondary windings of the delta-delta transformer. The output of the ground fault breakers
is all connected to the same potential, ground. Figure 6.11 shows the circuit diagram for
these switches. The tripping characteristics are not discussed since these breakers are not
expected to trip, however they are rated for 4 Amps.

Ground Fault Switch Specifications
• Manufacturer: GE
• Model: ELP101ULH

Figure 6.11: Ground Fault Breakers
6.5 Three Phase Load (Ungrounded System)

Figure 6.12 shows the source and load connection. The load for the intentionally
ungrounded system is composed of three incandescent light bulbs wired in wye. The input
to the load is the secondary voltage of the delta-delta transformer bank. The load is rated at
24 VAC, 6Watts per phase. The load current connections to the SEL 751 are shown in
Figure 6.14. The load is connected in series with the relay to measure the load phase
currents.
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3 Phase Resistive Load
•
•
•
•
•
•

Manufacturer: Eiko
Model: 6S6/24
Voltage: 24Volts
Wattage: 6
Type of Bulb: Halogen
Candelabra Base

Figure 6.12: Load Connection

A

C
B

Figure 6.13:Load Lights
Figure 6.14: Load Current Connections
to SEL 751A
6.6 Wye-Wye Grounded Transformers (Detection System)

The ground fault detection system begins with a three-phase transformer bank connected
in wye-wye grounded. Its input is the secondary line voltages derived from the delta
transformer bank. The grounding point of this transformer, for both the primary and the
secondary side, is the system-wide ground derived from the conversional outlet. Just as the
delta-delta bank, this 3-phase wye transformer is composed of three-single phase
transformers.
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Single Phase Transformer Specifications
• Manufacturer: White Rogers
• Model: 90-T40F3
• Input 120/208/240 60Hz COM-BLK
• 120V-White 24V-Red 240V-Orange
• Output 24Volts, 40 VA (Blue-Yellow)
• Class 2 Transformer

Figure 6.15: Wye-Wye (Grounded) Transformer
Circit

Figure 6.16: Wye-Wye (Grounded) Transformer Bank
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6.7 Visual Indication of a Ground Fault (Detection System)

The wye-wye (grounded) transformer act as voltage sensors for the detection of ground
faults occurring in the ungrounded side of the system. The visual detection of single-lineground faults is composed by three LEDs in series with the secondary phase voltages of this
bank. The connection of the detection lights is shown in Figure 6.17. As mentioned, the
detection lights are sourced by the Phase Voltages of the secondary windings of the wye
transformer (VAN, VBN, VCN). During normal operation (no faulted phases), all the
detection lights are on. When a single-line-fault is introduced for example at Phase A, in the
ungrounded side of the system, the detection light of phase A will be off. This is because
Phase A and Ground/Neutral are now at the same potential.

Figure 6.17: Detection Light Wiring
3 Phase GFD Lights
• Brand: Sleek Lighting
• Part Number: 39838
• Color: Red
• Voltage: 120 Volts
• Type of Bulb: LED
• Base Type: E26
• Wattage: 3 Watts
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6.8 Metering Station

Mounted on the same assembly as the rest of the system is a metering station to measure
and visually detect currents and voltages in the circuit. The analog voltmeters shown in
Figure 6.18 measure the phase voltages of the detection lights. Figure 6.19 shows digital
readouts of both voltage and amperage of the load. Technical specifications for these
metering devices are listed below.

Voltmeter for Detection Lights
• AC Analog Voltmeter
• Brand: Jewell Instrument
• Part Number: JD0386
• 2 Wire Connection
• Input voltage 0-140 Volts AC
• Dial Marked in 5 Volt Increments
• Meter Sense& Powers from Same Connection
Figure 6.18: Voltmeters for Detection Lights

Ammeter/Voltmeter Load
• Brand: JIGONG
• Part Number: JD0386
• Measurement range: AC 80-300V 0.2-99.9A
• Power supply: < 0.2V*A
• Installation: Din-rail
• Accuracy: 1% ± 2digit
• Measurement speed: about 2 times per second
Figure 6.19: Ammeter/Voltmeter
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6.9 Schweitzer Engineering Laboratory (SEL 751-A Protective Relay)

The main purpose of the SEL 751 Protective Relay is to log and alarm in case of a singleline-to-ground fault in the ungrounded system. The relay is equipped with voltage and
current inputs. As shown in Figure 6.20, the voltage inputs to the relay are the phase
voltages outputted by the secondary windings (Detection) of the wye transformer bank.
These voltages are connected into the relay in a wye-connection. The current inputs to the
relay are derived from the systems load. These are used to monitor the effect on the
ungrounded system due to a ground fault.

Figure 6.20: Voltage & Current Inputs SEL 751A
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6.10 Ground Fault Detection SEL Over-Voltage Relay Element (59)

The Feeder Protection Relay logs events generated by SLG faults by monitoring overvoltage
conditions in the input voltages. To set the conditions for an overvoltage event, the voltage
configurations were set as shown in Figure 6.21. During normal conditions, the line voltage
inputs to the relay are approximately 70 Volts. During a single line to ground fault, the
faulted phase line voltage equals zero, while the remaining “healthy phases” line voltages
increase by a factor of 1.73. The nominal line voltage setting is used to identify such event.
If the expected line voltages during normal conditions is expected to be approximately 70V.
The nominal line voltage setting on the relay can be set to 100V.

Figure 6.21: SEL 751A Voltage Configuration Settings

6.11 SEL 751 Relay Additional Functionalities

In this specific project the application of the SEL 751 A Protective relay is used as a
detection and logging device for ground faults. However, this is just one of the relay’s many
functionalities and capabilities. In industrial settings, this single device can be used to
combine system protection, monitoring and control for and economical and competitive
cost. Its major features include: standard protection, arc flash protection, operator controls
and reclosing and metering and monitoring.
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6.12 Ground Fault on Phase A Event
1. Phase voltage VAN would drop to 0V

2. Remaining healthy phases: B & C
3. VBN: 120 V
4. VCN: 120 V
5. Both remaining phase voltages exceed the nominal phase voltage previously set
to 100Volts.
6. This would activate the protective relaying over voltage element 59.
7. Tripped relay, until targets are reset.
8. Relay event generated and logged.

Figure 6.22: Relay Reported Event

Figure 6.23: SEL 751A-Front Face

Figure 6.24: SEL 751A-Back Face
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A

B

Figure 6.25: Phase A Faulted-Indication Lights

Figure 6.26: Phase A Faulted-Relay 59 Trip
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CHAPTER 7: INTEGRATION & TESTING
This section discusses the overall integration & testing of the system. The integration of the
system was followed as described in the previous sections. With a detailed schematic in
hand showing inputs and output of each component, the system was functional and basic
testing was performed in a piecewise manner along the building of the circuit. Once the
circuit was built and functional more detailed testing was performed.
•

RMS Measurements (Normal Condition)

•

Quality of VFD Output (Three Phase Source)

•

Normal Conditions, No Faults, Balanced

•

Single-Line-to-Ground Fault Phase A

•

Single-Line-to-Ground Fault Phase B

•

Single-Line-to-Ground Fault Phase C

Figure 7.1 shows the One-Line Diagram and the location where the Single-Line-to-Ground
faults were injected into the system.

Figure 7.1: One-Line Diagram with Fault Injection
33

7.1 RMS Measurements (Normal Conditions)

The values shown on Table 6 are the RMS values measured using an AC voltmeter at the
locations specified. The results were as expected, a valid relation between phase and line
voltages reflects that the system contains a solid reference to ground located at the source.
TABLE 6
RMS MEASURMENTS (NORMAL)

7.2 Quality of VFD Output (Three Phase Source)

The output of the VFD was connected to an oscilloscope to determine how the output
waveforms compared to that of a three-phase source. Figure 7.2 shows 120 Volt Input
wave (Blue, Channel 1) and Line 1 output of the VFD. Figure 7.3 shows both Line 1 and Line
2 outputs of the VFD.
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Figure 7.2: VFD Input (Blue), VFD Output (Red)

Figure 7.3: VFD Line 1 (Red) VFD Line 2 (Blue)
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7.3 Normal Conditions (No Phase Faulted)

To collect non-faulted condition current and voltage waveforms an event was triggered on
the SEL relay. The event capturing settings on the relay were set to 4 Samples/Cycle. The
outputted voltage and current waves are shown on Figure 7.4 and Figure 7.5 respectively.
In addition, voltage and current phasors for the time specified by the green marker are
shown in Figure 7.6 and Figure 7.7.

7.3.1 Time Domain Curves

Figure 7.4: Load Current 4 Samples (Normal Conditions)

Figure 7.5: Detection Lights Phase Voltages 4 Samples (Normal Conditions)
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7.3.2 Phasor Diagrams

Figure 7.7: Load Current Phasor
(Normal Conditions)

Figure 7.6: Detection Voltages
Phasor
(Normal Conditions)

Analyzing the time domain curves for the normal operation, the detection light voltages
appear to be balanced, however it appears as if the currents were unbalance. In the time
snapshot shown in Figure 7.4, it seems as IA is smaller in magnitude compared to the rest
of the phases. This pattern alternated per phase every 8 cycles. Looking at the load current
phasor in Figure 7.7, the magnitude difference between the phases is very apparent, some
additional slight misbalanced in phase difference is also noticeable. Sampling of the same
input signals was performed at a higher rate 16 samples/cycle., the results are shown
below.
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Figure 7.8: Load Current 16 Samples (Normal Conditions)

Figure 7.9: Detection Lights Phase Voltages 16 Samples (Normal Conditions)

Figure 7.10: Detection Voltages
Phasor
(Normal Conditions)
16 Samples/Cycle

Figure 7.11: Load Current Phasor
(Normal Conditions)
16 Samples/Cycle
38

It is apparent from the waveforms sampled 16 times per cycle that the input signals to the
relay were not perfect sinusoids. This is most probably caused by the power quality
produced by the Variable Speed Drive. It is important to note that even though while
sampling 4 times per cycle resulted in a phase being reduced in current magnitude, the
phases alternated in this phenomenon every 8 cycles. It seems as if this alternating would
result in a balanced system in some extend. The rest of the data collection was performed
using a 4 sample per cycle setting. These results will be later compared analyzed.

7.3.3 Symmetrical Components

Figure 7.13: Voltage Symmetrical
Component Phasors
(Normal Conditions)

Figure 7.12: Current Symmetrical
Component Phasors
(Normal Conditions)
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7.4 SLG Fault Phase A

Figure 7.14: SLG Fault Phase A Circuit Diagram

TABLE 7
SINGLE LINE FAULT (PHASE A)
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7.4.1 Time Domain Curves

Figure 7.15: Detection Lights Phase Voltages 4 Samples (SLG Phase A)

Figure 7.16: Load Current 4 Samples (SLG Phase A)
7.4.2 Phasor Diagrams

Figure 7.18: Load Current Phasor
(SLG Phase A)

Figure 7.17: Detection Voltages
Phasor (SLG Phase A)
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7.5 SLG Fault Phase B

Figure 7.19: SLG Fault Phase B Circuit Diagram
7.5.1 Time Domain Curves

Figure 7.20: Load Current 4 Samples (SLG Phase B)

Figure 7.21: Detection Lights Phase Voltages 4 Samples (SLG Phase B)
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7.5.2 Phasor Diagrams

Figure 7.22: Detection Voltages Phasor
(SLG Phase B)

Figure 7.23: Load Current Phasor
(SLG Phase B)

7.6 SLG Fault Phase C

Figure 7.24: SLG Fault Phase C Circuit Diagram
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7.6.1 Time Domain Curves

Figure 7.25: Load Current 4 Samples (SLG Phase C)

Figure 7.26: Detection Lights Phase Voltages 4 Samples (SLG Phase C)
7.6.2Phasor Diagrams

Figure 7.27: Detection Voltages Phasor
(SLG Phase C)

Figure 2.28: Load Current Phasor
(SLG Phase C)
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CHAPTER 8: MATLAB/SIMULINK MODEL
To acquire a basis for comparison of the experimental results, the overall circuit was
simulated using the visual coding environment of MATLAB, Simulink. The software model
matches the physical circuit previously discussed, avoiding the inadequacies of the physical
system. Figure 8.1 shows the Simulink model in a one-line configuration. The main
components of this model include:
•

Three Phase Source:
i. Configuration: Y-Grounded
ii. Line-to-Neutral Voltages: 260// 𝟑
iii. Phase angle of line-to-neutral voltages: 0, 120, -120

•

Three-Phase Transformer
i. Configuration: Delta-Delta
ii. Nominal Power & Frequency: 40VA, 60Hz
iii. Winding 1 parameters [ V1 Ph-Ph(Vrms)]: 260 V
iv. Winding 2 parameters [ V1 Ph-Ph(Vrms)]: 30V

•

Three Phase Load 1:
i. Configuration: Wye-Neutral
ii. Phase-to-phase Voltage: 17V
iii. Nominal Frequency: 60Hz
iv. Active Power: 3 Watts/Phase

•

Three-Phase Transformer
i. Configuration: Wye-Wye Grounded
ii. Nominal Power & Frequency: 40VA, 60Hz
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iii. Winding 1 parameters [ V1 Ph-Ph(Vrms)]: 30 V
iv. Winding 2 parameters [ V1 Ph-Ph(Vrms)]: 120 V
•

Three Phase Load 2:
i. Configuration: Wye-Neutral
ii. Phase-to-phase Voltage: 70 V
iii. Nominal Frequency: 60Hz
iv. Active Power: 3 Watts/Phase

Figure 8.1: Simulink Model

•

Measurements

i. Symmetrical Components

ii. Vector Plotter
iii. Fault Values
iv. Phase & Ground Voltages
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Figure 8.2: Measurements Block

Figure 8.3: Symmetrical Components
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Figure 8.4: Vector Plotter
8.1 Normal Conditions

The Matlab/Simulink simulation was first ran with the system at normal conditions, no
faulted phases. The following time curves and phasor diagrams were collected. All the
curves were expected and helped reassure that the simulated model accurately replicated
physical conditions.
o Time Domain

Figure 8.5: Source Voltage
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Figure 8.6: Load Current
o Phasor Diagrams

Figure 8.7: Voltage Source Phasor Diagram

Figure 8.9: Wye Secondary Voltage Phasor

Figure 8.8: Delta Secondary Voltage Phasor
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Figure 8.10: Load Current
Phasor

8.2 Single-line-to-ground Fault Phase A
For the second test of the simulated circuit, a ground fault was introduced to Phase A
Figure 8.9 shows the wye secondary phase voltages pre and post fault. The effects of the
fault on wye secondary line voltages are shown in Figure 8.10.
o Time Domain Curves

Figure 8.11: Wye Secondary Phase Voltage (SLG Phase A)

Figure 8.12: Wye Secondary Line Voltage
SLG Phase A
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o Phasor Diagrams

Figure 8.13: Wye Secondary Line Voltage Phasors
SLG Phase A

Figure 8.14: Load Current Phasors
SLG Phase A

o Fault Voltage and Current Magnitudes

Figure 8.15: Current Sequence
Components (Magnitude)
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Figure 8.16: Voltage Sequence
Components Magnitude
8.3 Single-line-to-ground Fault Phase B

Figure 8.17: Current Phasors
SLG Phase B

Figure 8.18: Voltage Phasors
SLG Phase B
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8.4 Single-line-to-ground Fault Phase C

Figure 8.19: Current Phasors
SLG Phase C

Figure 8.20: Voltage Phasors
SLG Phase C
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CHAPTER 10: CONCLUSION
10.1 Summary of Results

This chapter summarizes the differences between the physical circuit and the simulated
system. It must be noted that the results of the physical and simulated systems were
expected and coincide with the theory discussed on Chapter 1. The main difference studied
between the physical and the software model is the overall quality of the three-phase
source. In the software version of the circuit, the source is an ideal and balanced source. On
the other hand, the source used for the physical version of the circuit is far from ideal, there
phase sinusoidal waves generated by a Variable Frequency Drive. The imperfection of the
physical source caused major differences in both the current time domain curves and the
respective phasors. As discussed in Chapter 7, the current curves captured by the SEL 751A
suggest that the system is not completely balanced. This caused to show the current
magnitude of one of the phases to be smaller than the rest.

Even though the physical model did not match the simulated circuit perfectly, the overall
results obtained from it were satisfactory. The table-top model successfully represented a
three-phase ungrounded delta system capable of visually detecting single-line-to-ground
faults. In addition to the visual detection, the SEL 751 Protective Relay can log and report
on events associated with these faults. In full-scale power distribution systems, these
events can be communicated through an SCADA system into a generalized control house.
This would greatly facilitate maintenance crews to effectively locate and clear these faults
in facilities with hundreds of transformers.
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Overall safety expectations were met; a physical model was built to safety simulate an
industrial three-phase system. Step-down transformers were used to decrease the
incoming source voltage, 260 VAC, to 24 VAC, it was at this voltage were ground faults were
safety injected to the secondary side of the delta transformer bank. During the building and
testing of the physical circuit, a precaution was taken to have more than one people in the
room in case of any unforeseen emergency.

10.2 Lessons Learned

This project was useful to grow my overall knowledge of power system and its protection.
However, the project facilitated other important lessons due to its complexity and scope. As
far as technical skills, I could put my hands to work, see and experience all the equipment
involved in the physical model. Valuable knowledge came from choosing to setting up the
SEL 751 A relay and later understanding its results. Extensive experience and
understanding of Matlab and Simulink was achieved when simulating the overall circuit
using this software. Personal growth was obtained in the planning, communicating and
managing this year-long project.

10.3 Challenges Encountered

From reading this report, the challenges encountered throughout this year-long project
might not been apparent, so in this section some of those challenges will be discussed. The
first and most evident challenge for this project was my lack of specific technical
knowledge in power and protection systems at the beginning of the project. Substantial
time researching and studying this material was devoted during the planning stages of the
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project. The construction of the physical circuit was overall fun and very interactive, the
major challenge in this stage was acquiring all the necessary components to build.

The most challenges for this project arose when setting up the relay and incorporating it to
the rest of the circuit. A lot more time was spent on this portion than initially planned. Even
once the relay was set up and properly integrated with the circuit, the desired results were
not present. This is when I decided to create a software version of the circuit and verify the
simulated results with the obtained physical data. The simulated circuit confirmed the
expected result, and did not reveal what was defective with the physical circuit. Now, a
detailed testing of the circuit was performed, testing each node of the circuit. Measuring the
source using an oscilloscope revealed that the three-phase power derived from the VFD
was not as accurate as expected. With not enough time to fix the quality source, the
unexpected deviations from the expected results were attributed to the inaccuracies of the
source. Even with this deviation, the physical circuit was sufficient to show the successful
completion of the project.

10.4 Future Work

Future work for this senior project originates from the main challenge of this project, the
quality of the three-phase source. It would be a great learning experience for a future
student to modify and filter the current quality of the three-phase source to better
resemble an ideal and balanced source. Once this is achieved through some low pass filter
and some power electronic circuity, the source could be re-implemented to the physical
circuit of this project and verify that it now matches the simulated and expected results. If
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the discrepancy between the physical and simulated circuit continue, the student could
then take more time to systematically troubleshoot and find the underlying problem.
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Appendix A: ABET Senior Project Analysis
TABLE 8
APPENDIX A- ANALYSIS OF SENIOR PROJECT DESIGN
PROJECT TITLE: GROUND FAULT DETECTION FOR DELTA UNGROUNDED SYSTEMS
STUDENT’S NAME: DANIELA BORJAS
STUDENT’S SIGNATURE: DANIELA BORJAS
ADVISOR’S NAME: DR. ALI SHABAN

1. SUMMARY OF FUNCTIONAL REQUIREMENTS

This project aims to integrate two systems into one, reducing cost and improving overall
safety and reliability in low-voltage three-phase electrical distribution systems.
LOAD METERING: In industrial facilities, load metering of overhead transformers is performed

on an as-needed basis. New development or projects may require the real capacity of a
certain transformer bank before the addition of new electrical load. This load may come
from compressors, heaters, and pumps to name a few.
GROUND FAULT DETECTION: Industrial facilities seeking reliable electrical power, capable of

operating with single-line-ground (SLG) faults, utilize transformers connected in deltadelta. This electrical scheme must comply with the National Electrical Code Section
250.21(B). Section 250.21(B). states that ungrounded alternating current systems
operating at not less than 120 volts and not exceeding 1000 volts should have a ground
fault detector installed.
The purpose of this project is to build a table-top-model to safely simulate a low-voltage
three-phase electrical distribution system, capable of measuring load fluctuations and
protection against ground faults. The system consists of a 240 VAC 3-phase transmission
line, followed by a set of step-down transformers connected in delta-delta. The stepped
down voltage of 24 VAC feeds into the load, 3 light bulbs. Current and voltage signals from
the system connect to a Schweitzer 751-A relay that provides the monitoring and
protection scheme.
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2. PRIMARY CONSTRAINTS

The primary constrains rely on comprehending the complexity of a three-phase electrical
distribution system.
Challenge #1: Properly simulating real conditions of a three-phase electrical distribution

system in a low-voltage table-top model.
Challenge #2: Obtaining the necessary funds to purchase the equipment.
Challenge #3: Successful programming of the 751-A relay to perform ground fault detection

as well as load metering.
Challenge #4: Obtaining the appropriate technical support from Schweitzer Engineering

Laboratories (SEL).
3. ECONOMIC

The economic impacts associated with this project are essential to determine the overall
effectiveness of the proposed solution. The project claims that combining the ground fault
detection system with the transformer load metering scheme, reduces costs and improves
overall safety and reliability in the system. The literature search performed for this project
reveals that the cost of installing just a ground fault detection system can exceed the overall
proposed budget for this project. This seems to demonstrate performing the combination of
the ground fault detection systems and the load metering results in significant savings.
The cost benefits for this project can be seen from the design and implementation stage,
instead of purchasing two different systems to perform two measurements; this design only
requires one system for the price of one.
The result of this project, table-top model of the system, requires a 120VAC 1-phase input
power obtained from an ordinary power outlet. The cost of running this system depends on
the utility rate structure and the amount charged per kilowatt hour. The operational costs of
the table-top model contribute a small amount in comparison to the overall construction and
implementation costs.
Once this project successfully passes the implementation at the low-voltage table-top model
and implementation of the design is applied to an industrial facility, the owners of the facility
experience the costs savings and the improvement in reliability and safety.
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4. IF MANUFACTURED ON A COMMERCIAL BASIS:

The number of devices sold depends on size of the facility and the number of new
transformers installed per year. If a certain industrial facility currently lacks a ground fault
detection system for their delta-delta transformers, then they must install the system for all
old and new transformers, to comply with the NEC code.
5. ENVIRONMENTAL

Environmental concerns can arise if the ground fault detection scheme fails. Although
transformers connected delta-delta configuration can operate with a phase faulted to
ground, if the fault is not detected and cleared in a timely manner, this could cause
environmental and safety concerns. While still operational through a fault, the physical
insulation inside a transformer deteriorates when only two of the three phases function. If
the insulation inside a transformer fails, the oil inside the transformer can ignite, resulting in
a fire. Similar consequences occur when a transformer is loaded over its name-plate capacity
for long periods of time. If a fire initiates in an industrial facility with protected species or an
overall protected habitat, this could cause major harm.
6. MANUFACTURABILITY

The overall manufacturing and installation of the proposed system can be easily
implemented on a table-top model and in an industrial facility. If the design is installed in an
industrial faculty, ratings of components must be verified to work at higher voltages and
must comply with all NEC and IEEE standards.
7. Sustainability
Expected maintenance costs of the proposed system consist of scheduled upkeep of the
protection relay and the circuit breakers upstream of the load. Over time, the power
protection scheme of the overall system may experience significant wear and tear due to
various fault, or overall environmental factors. If the protection of the overall system
deteriorates to the point of compromising the system, the major faults are environmental
catastrophes, this requires upgrades or replacements to the protection system.
The end user can assess the overall status of the protection scheme installed and decide to
upgrade certain parts of it: the relay, circuit breakers, and power transformers. In the worst
case, the user could determine that the protective system in its entirety must be replaced
and upgraded.
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8. ETHICAL

When dealing with high voltages, personnel safety and system reliability become critical
aspects of any design. For this reason, when performing this senior project design, it is
critically to ensure full protection in the system to comply with IEEE health and safety codes.
The stakeholders must understand and believe that personnel safety and system reliability
far exceeds any benefit in production and revenue.
The project falls under the scope of ethical egoism. The basics of this ethical framework
explains that a person or a business must act to fulfill self-interest and later benefiting
society. The owner of an industrial facility, which operates with transformers connected in
delta-delta, might opt to install the proposed system, not because it is necessary to comply
with the National Electrical Code (NEC), but because it will help minimize production losses
due to a ground fault.
9. HEALTH AND SAFETY

The implementation of this protective scheme aims to reduce costs, and improve safety and
overall reliability of the system. Before implementation of this design occurs on a large scale,
it must be thoroughly tested for successful detection of ground faults in the system. Lack of
detection of ground faults in a delta-delta system could introduce hazards to personnel
working on the field.
If a proper detection of single-line-to-ground faults in the system is not present, and a field
personnel approaches the faulted site to perform routine work, the current from the whole
system could potentially flow through the individual resulting in a fatality. Rigorous testing
of the ground fault detection capability of this design must be performed before any largescale installation.
10. SOCIAL AND POLITICAL

The stakeholders for such industrial facilities and end-users of this design, recognize the
importance of uninterrupted production and code compliance when it comes to the
protection of medium voltage systems. This design, which incorporated both ground fault
detection and transformer load metering seek to meet the stakeholder’s requirements which
are linked to safety, code compliance and profitability. The overall design impacts the
stakeholder and owners/managers of these industrial facilities. These are affected by the
overall performance of this protection scheme in their electrical distribution system. Upon
successful performance of the system, the stakeholders can minimize injuries and assure
that the system can continue operation with a system that protects the load.
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11. DEVELOPMENT

Through the literature search performed for this project, knowledge was acquired about
overall medium voltage distribution systems. The IEEE database was used thoroughly to
learn more about the current technologies for ground fault detection and transformer load
metering in delta-delta systems. Some of the different solutions for the detection of ground
faults found in this search include: using a ground-fault relay which in parallel with
indicators mounted directly on the system, and a method based on a principle called the
fuzzy-integral decision fusion.
Although very useful information was found through this search, one of the articles found
described the implementation of this senior project. This project introduces innovation by
combining two different systems into one while reducing costs and improving reliability and
safety.
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Appendix B: SEL 751 A Specifications
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Appendix C: SEL 751 Relay Logic Settings

SEL 751A
SENIOR PROJECT

1
1
MEAS
1
1
1
WYE
120
N

OFF
OFF
OFF
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OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF

OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF

OFF
OFF
OFF
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1.2
OFF
1.2
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
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Appendix D: Simulink Source Code
function varargout = Phasor_diagram_analyser(varargin)
% PHASOR_DIAGRAM_ANALYSER MATLAB code for Phasor_diagram_analyser.fig
%
PHASOR_DIAGRAM_ANALYSER, by itself, creates a new
PHASOR_DIAGRAM_ANALYSER or raises the existing
%
singleton*.
%
%
H = PHASOR_DIAGRAM_ANALYSER returns the handle to a new
PHASOR_DIAGRAM_ANALYSER or the handle to
%
the existing singleton*.
%
%
PHASOR_DIAGRAM_ANALYSER('CALLBACK',hObject,eventData,handles,...)
calls the local
%
function named CALLBACK in PHASOR_DIAGRAM_ANALYSER.M with the given
input arguments.
%
%
PHASOR_DIAGRAM_ANALYSER('Property','Value',...) creates a new
PHASOR_DIAGRAM_ANALYSER or raises the
%
existing singleton*. Starting from the left, property value pairs are
%
applied to the GUI before Phasor_diagram_analyser_OpeningFcn gets
called. An
%
unrecognized property name or invalid value makes property application
%
stop. All inputs are passed to Phasor_diagram_analyser_OpeningFcn via
varargin.
%
%
*See GUI Options on GUIDE's Tools menu. Choose "GUI allows only one
%
instance to run (singleton)".
%
% See also: GUIDE, GUIDATA, GUIHANDLES
% Edit the above text to modify the response to help Phasor_diagram_analyser
% Last Modified by GUIDE v2.5 15-May-2014 17:43:39
% Begin initialization code - DO NOT EDIT
gui_Singleton = 1;
gui_State = struct('gui_Name',
mfilename, ...
'gui_Singleton', gui_Singleton, ...
'gui_OpeningFcn', @Phasor_diagram_analyser_OpeningFcn, ...
'gui_OutputFcn', @Phasor_diagram_analyser_OutputFcn, ...
'gui_LayoutFcn', [] , ...
'gui_Callback',
[]);
if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});
end
if nargout
[varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:});
else
gui_mainfcn(gui_State, varargin{:});
end
% End initialization code - DO NOT EDIT
% --- Executes just before Phasor_diagram_analyser is made visible.
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function Phasor_diagram_analyser_OpeningFcn(hObject, eventdata, handles,
varargin)
% This function has no output args, see OutputFcn.
% hObject
handle to figure
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% varargin
command line arguments to Phasor_diagram_analyser (see VARARGIN)
% Choose default command line output for Phasor_diagram_analyser
handles.output = hObject;
% Update handles structure
guidata(hObject, handles);
% UIWAIT makes Phasor_diagram_analyser wait for user response (see UIRESUME)
% uiwait(handles.figure1);
fazory(handles)
% --- Outputs from this function are returned to the command line.
function varargout = Phasor_diagram_analyser_OutputFcn(hObject, eventdata,
handles)
% varargout cell array for returning output args (see VARARGOUT);
% hObject
handle to figure
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Get default command line output from handles structure
varargout{1} = handles.output;
% --- Executes on button press in pushbutton1.
function pushbutton1_Callback(hObject, eventdata, handles)
% hObject
handle to pushbutton1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
function fazory(handles)
clear ii
% prepinanie medzi zobrazenim prudov a napati
if (get(handles.radiobutton_U,'Value')==1)
% in case of Voltage
measuremt
ut1 = evalin('base', 'ut_U.time');
% define values from
workspace
Um1 = evalin('base', 'Um.signals.values');
omegatL1 = evalin('base', 'omegat_U.signals(1,1).values');
omegatL2 = evalin('base', 'omegat_U.signals(1,2).values');
omegatL3 = evalin('base', 'omegat_U.signals(1,3).values');
utL = evalin('base', 'ut_U.signals.values');
set(handles.text_L1,'String','UL1 (V)')
% set names of checkboxes
in GUI in case of Voltage panel
set(handles.text_L2,'String','UL2 (V)')
set(handles.text_L3,'String','UL3 (V)')
set(handles.uipanel3,'Title','Voltage panel')
set(handles.popupmenu1, 'Visible','On');
ylabel('Voltage [V]');
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else
% in case of Current
measuremt
ut1 = evalin('base', 'ut_I.time');
% define values from
workspace
Um1 = evalin('base', 'Im.signals.values');
omegatL1 = evalin('base', 'omegat_I.signals(1,1).values');
omegatL2 = evalin('base', 'omegat_I.signals(1,2).values');
omegatL3 = evalin('base', 'omegat_I.signals(1,3).values');
utL = evalin('base', 'ut_I.signals.values');
set(handles.text_L1,'String','IL1 (A)')
% set names of checkboxes
in GUI in case of Current panel
set(handles.text_L2,'String','IL2 (A)')
set(handles.text_L3,'String','IL3 (A)')
set(handles.uipanel3,'Title','Current panel')
set(handles.popupmenu1, 'Visible','Off');
ylabel('Current [A]');
end
Samples = length(ut1);
uL1=zeros(Samples,1);
uL2=zeros(Samples,1);
uL3=zeros(Samples,1);
tmax = ut1(Samples,1);

% pocet vzoriek casu / number of time samples
% prealokacia

% nacitanie hodnot z GUI
set(handles.time,'Min',0,'Max',tmax)
% nastavenie min
max slideru
set(handles.resolution,'Min',0.01,'Max',tmax)
% nastavenie min
max hodnoty slideru RESOLUTION
y_min1=str2double(get(handles.y_min,'String'));
% min hodnota y
y_max1=str2double(get(handles.y_max,'String'));
% max hodnota y
plim1=str2double(get(handles.plim,'String'));
% rozsah
fazoroveho diagramu
z_c = get(handles.time,'Value');
% ziadany cas / desired time
res = get(handles.resolution,'Value'); % hodnota na ovladanie rozlisenia
% nastavenie pop up menu
contents = get(handles.popupmenu1,'Value');
switch contents
case 1
AA=sqrt(3);
% fazova hodnota - Line to ground voltage
case 2
AA=1;
% zdruzena hodnota - Line to line voltage
otherwise
end
TTTT = zeros(Samples,1);
for ii =1:1:Samples,
% hladanie pozadovanej hodnoty vo vektore / finding
desired value of time in measured time vector ut1
if ut1(ii,1)<=z_c
TTTT(ii,1)=ut1(ii,1);
p_z_c = length(TTTT);
% desired measured time value
end
clear TTTT
end
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ii=p_z_c;
uL1(ii,1)=AA*Um1(ii,1)*exp(1i*omegatL1(ii,1));
uL2(ii,1)=AA*Um1(ii,2)*exp(1i*omegatL2(ii,1));
uL3(ii,1)=AA*Um1(ii,3)*exp(1i*omegatL3(ii,1));
ufake = plim1 *exp(1i*0);
% fazorovy diagram / phasor diagram
axes(handles.axes1)
fake = compass(real(ufake), imag(ufake));
% falosny fazor na riadenie
rozsahu osi / fake invisible phasor - to change scale of phasor diagram
set(fake, 'Visible','Off')
hold on
%%%
A1 = compass(real(uL1(ii,1)), imag(uL1(ii,1)),'r');
% L1
hold on
set(A1, 'LineWidth',2);
%%%
A2 = compass(real(uL2(ii,1)), imag(uL2(ii,1)),'g');
% L2
hold on
set(A2, 'LineWidth',2);
%%%
A3 = compass(real(uL3(ii,1)), imag(uL3(ii,1)),'b');
% L3
hold on
set(A3, 'LineWidth',2);
hold off
axis('square');
%xlabel('real part');
%ylabel('imag part');
A=([A1,A2,A3]);
legend (A,'L1','L2','L3')
axes(handles.axes2)
B1 = plot(ut1(:,1),AA*utL(:,1),'r','LineWidth',2);
hold on
if (get(handles.checkboxL1,'Value')==1)
% zviditelnenie a
zneviditelnenie priebehu (jednej fazy) / L1 on/off
set(A1, 'Visible','On')
set(B1, 'Visible','On')
else
set(A1, 'Visible','Off')
set(B1, 'Visible','Off')
end
%%%
B2 = plot(ut1(:,1),AA*utL(:,2),'g','LineWidth',2);
hold on
if (get(handles.checkboxL2,'Value')==1)
% L2 on/off
set(A2, 'Visible','On')
set(B2, 'Visible','On')
else
set(A2, 'Visible','Off')
set(B2, 'Visible','Off')
end
%%%
B3 = plot(ut1(:,1),AA*utL(:,3),'b','LineWidth',2);
hold on
if (get(handles.checkboxL3,'Value')==1)
% L3 on/off
set(A3, 'Visible','On')
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set(B3, 'Visible','On')
else
set(A3, 'Visible','Off')
set(B3, 'Visible','Off')
end
line([z_c z_c],[y_min1 y_max1],'color','k','LineWidth',2.5,'LineStyle','-', 'MarkerSize', 50) %[0.5 0.5 0.5] % tracker
hold on
hold off
axis([z_c-res z_c+res y_min1 y_max1]);
axis('square')
xlabel('Time [s]');
if (get(handles.radiobutton_U,'Value')==1)
% prepinanie nazvov osi v
zavislosti na meranej velicine / change name of axes Voltage vs Current
ylabel('Voltage [V]');
else
ylabel('Current [A]');
end
%title('signal');
legend ('L1','L2','L3')
grid on
% aproximacia hodnoty priesecnika trackera a casového priebehu /
% approximating and setting the value of the intersection of the tracker
and curve of time diagram (similar triangles)
set(handles.UL1,'String',AA*((utL(ii+1,1)-utL(ii,1))*(z_cut1(ii,1)))/(ut1(ii+1,1)-ut1(ii,1))+utL(ii,1));
set(handles.UL2,'String',AA*((utL(ii+1,2)-utL(ii,2))*(z_cut1(ii,1)))/(ut1(ii+1,1)-ut1(ii,1))+utL(ii,2));
set(handles.UL3,'String',AA*((utL(ii+1,3)-utL(ii,3))*(z_cut1(ii,1)))/(ut1(ii+1,1)-ut1(ii,1))+utL(ii,3));
set(handles.time1,'String',z_c);
% --- Executes on button press in exit.
function exit_Callback(hObject, eventdata, handles)
% hObject
handle to exit (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
close
% nastavenie minimalnej hodnoty y osi
function y_min_Callback(hObject, eventdata, handles)
% hObject
handle to y_min (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of y_min as text
%
str2double(get(hObject,'String')) returns contents of y_min as a
double
fazory(handles)
% --- Executes during object creation, after setting all properties.
function y_min_CreateFcn(hObject, eventdata, handles)
% hObject
handle to y_min (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
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% handles

empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
% nastavenie maximalnej hodnoty y osi
function y_max_Callback(hObject, eventdata, handles)
% hObject
handle to y_max (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of y_max as text
%
str2double(get(hObject,'String')) returns contents of y_max as a
double
fazory(handles)
% --- Executes during object creation, after setting all properties.
function y_max_CreateFcn(hObject, eventdata, handles)
% hObject
handle to y_max (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
% nastavenie hodnoty falosneho fazora
function plim_Callback(hObject, eventdata, handles)
% hObject
handle to plim (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of plim as text
%
str2double(get(hObject,'String')) returns contents of plim as a
double
fazory(handles)
% --- Executes during object creation, after setting all properties.
function plim_CreateFcn(hObject, eventdata, handles)
% hObject
handle to plim (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
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set(hObject,'BackgroundColor','white');
end
% nastavenie casu - slider
% --- Executes on slider movement.
function time_Callback(hObject, eventdata, handles)
% hObject
handle to time (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'Value') returns position of slider
%
get(hObject,'Min') and get(hObject,'Max') to determine range of
slider
val=get (handles.time1,'Value');
set(handles.time,'String',val);
fazory(handles)
% --- Executes during object creation, after setting all properties.
function time_CreateFcn(hObject, eventdata, handles)
% hObject
handle to time (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: slider controls usually have a light gray background.
if isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor',[.9 .9 .9]);
end

function UL1_Callback(hObject, eventdata, handles)
% hObject
handle to UL1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of UL1 as text
%
str2double(get(hObject,'String')) returns contents of UL1 as a
double
fazory(handles)
% --- Executes during object creation, after setting all properties.
function UL1_CreateFcn(hObject, eventdata, handles)
% hObject
handle to UL1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
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function UL2_Callback(hObject, eventdata, handles)
% hObject
handle to UL2 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of UL2 as text
%
str2double(get(hObject,'String')) returns contents of UL2 as a
double
fazory(handles)
% --- Executes during object creation, after setting all properties.
function UL2_CreateFcn(hObject, eventdata, handles)
% hObject
handle to UL2 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end

function UL3_Callback(hObject, eventdata, handles)
% hObject
handle to UL3 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of UL3 as text
%
str2double(get(hObject,'String')) returns contents of UL3 as a
double
fazory(handles)
% --- Executes during object creation, after setting all properties.
function UL3_CreateFcn(hObject, eventdata, handles)
% hObject
handle to UL3 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end

function time1_Callback(hObject, eventdata, handles)
% hObject
handle to time1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
val=get (handles.time1,'String');
set(handles.time,'Value',str2num(val));
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% Hints: get(hObject,'String') returns contents of time1 as text
%
str2double(get(hObject,'String')) returns contents of time1 as a
double
fazory(handles)
% --- Executes during object creation, after setting all properties.
function time1_CreateFcn(hObject, eventdata, handles)
% hObject
handle to time1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
% nastavenie line to line V line to ground
% --- Executes on selection change in popupmenu1.
function popupmenu1_Callback(hObject, eventdata, handles)
% hObject
handle to popupmenu1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: contents = cellstr(get(hObject,'String')) returns popupmenu1
contents as cell array
%
contents{get(hObject,'Value')} returns selected item from popupmenu1
fazory(handles)
% --- Executes during object creation, after setting all properties.
function popupmenu1_CreateFcn(hObject, eventdata, handles)
% hObject
handle to popupmenu1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: popupmenu controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
% nastavenie rozlisenie
% --- Executes on slider movement.
function resolution_Callback(hObject, eventdata, handles)
% hObject
handle to resolution (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'Value') returns position of slider
%
get(hObject,'Min') and get(hObject,'Max') to determine range of
slider
fazory(handles)
% --- Executes during object creation, after setting all properties.
function resolution_CreateFcn(hObject, eventdata, handles)
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% hObject
% eventdata
% handles

handle to resolution (see GCBO)
reserved - to be defined in a future version of MATLAB
empty - handles not created until after all CreateFcns called

% Hint: slider controls usually have a light gray background.
if isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor',[.9 .9 .9]);
end
% vykreslenie figure(1) na ulozenie
% --- Executes on button press in save.
function save_Callback(hObject, eventdata, handles)
% hObject
handle to save (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
clear ii
if (get(handles.radiobutton_U,'Value')==1)
ut1 = evalin('base', 'ut_U.time');
% define values from
workspace
Um1 = evalin('base', 'Um.signals.values');
omegatL1 = evalin('base', 'omegat_U.signals(1,1).values');
omegatL2 = evalin('base', 'omegat_U.signals(1,2).values');
omegatL3 = evalin('base', 'omegat_U.signals(1,3).values');
utL = evalin('base', 'ut_U.signals.values');
set(handles.text_L1,'String','UL1')
% set names of checkboxes in
GUI in case of Voltage panel
set(handles.text_L2,'String','UL2')
set(handles.text_L3,'String','UL3')
set(handles.popupmenu1, 'Visible','On');
ylabel('Voltage [V]');
else
ut1 = evalin('base', 'ut_I.time');
Um1 = evalin('base', 'Im.signals.values');
omegatL1 = evalin('base', 'omegat_I.signals(1,1).values');
omegatL2 = evalin('base', 'omegat_I.signals(1,2).values');
omegatL3 = evalin('base', 'omegat_I.signals(1,3).values');
utL = evalin('base', 'ut_I.signals.values');
set(handles.text_L1,'String','IL1')
% set names of checkboxes in
GUI in case of Current panel
set(handles.text_L2,'String','IL2')
set(handles.text_L3,'String','IL3')
set(handles.popupmenu1, 'Visible','Off');
ylabel('Current [A]');
end
Samples = length(ut1);
uL1=zeros(Samples,1);
uL2=zeros(Samples,1);
uL3=zeros(Samples,1);
tmax = ut1(Samples,1);

% pocet vzoriek casu / number of time samples
% prealokacia

% nacitanie hodnot z GUI / values from GUI
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set(handles.time,'Min',0,'Max',tmax)
% nastavenie min
max slideru
set(handles.resolution,'Min',0.01,'Max',tmax)
% nastavenie min
max hodnoty slideru RESOLUTION
y_min1=str2double(get(handles.y_min,'String'));
% min hodnota y
y_max1=str2double(get(handles.y_max,'String'));
% max hodnota y
plim1=str2double(get(handles.plim,'String'));
% rozsah
fazoroveho diagramu
z_c = get(handles.time,'Value');
% ziadany cas
res = get(handles.resolution,'Value'); % hodnota na ovladanie rozlisenia
% nastavenie pop up menu
contents = get(handles.popupmenu1,'Value');
switch contents
case 1
AA=sqrt(3);
% fazova hodnota - Line to ground voltage
case 2
AA=1; % zdruzena hodnota - Line to line voltage
otherwise
end
TTTT = zeros(Samples,1);
for ii =1:1:Samples,
if ut1(ii,1)<=z_c
TTTT(ii,1)=ut1(ii,1);
p_z_c = length(TTTT);
end
clear TTTT
end
figure(1);
ii=p_z_c;
uL1(ii,1)=AA*Um1(ii,1)*exp(1i*omegatL1(ii,1));
uL2(ii,1)=AA*Um1(ii,2)*exp(1i*omegatL2(ii,1));
uL3(ii,1)=AA*Um1(ii,3)*exp(1i*omegatL3(ii,1));
ufake = plim1 *exp(1i*0);
% fazorovy diagram / phasor diagram
subplot(1,2,1)
fake = compass(real(ufake), imag(ufake));
% falosny fazor na riadenie
rozsahu osi
set(fake, 'Visible','Off')
hold on
A1 = compass(real(uL1(ii,1)), imag(uL1(ii,1)),'r');
set(A1, 'LineWidth',2);
hold on
A2 = compass(real(uL2(ii,1)), imag(uL2(ii,1)),'g');
set(A2, 'LineWidth',2);
hold on
A3 = compass(real(uL3(ii,1)), imag(uL3(ii,1)),'b');
hold on
set(A3, 'LineWidth',2);
hold off
axis('square');
A=([A1,A2,A3]);
legend (A,'L1','L2','L3')
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% priebeh v case / time graph
subplot(1,2,2)
B1 = plot(ut1(:,1),AA*utL(:,1),'r','LineWidth',2);
hold on
if (get(handles.checkboxL1,'Value')==1)
% L1 on/off
set(A1, 'Visible','On')
set(B1, 'Visible','On')
else
set(A1, 'Visible','Off')
set(B1, 'Visible','Off')
end
%%%
B2 = plot(ut1(:,1),AA*utL(:,2),'g','LineWidth',2);
hold on
if (get(handles.checkboxL2,'Value')==1)
% L2 on/off
set(A2, 'Visible','On')
set(B2, 'Visible','On')
else
set(A2, 'Visible','Off')
set(B2, 'Visible','Off')
end
%%%
B3 = plot(ut1(:,1),AA*utL(:,3),'b','LineWidth',2);
hold on
if (get(handles.checkboxL3,'Value')==1)
% L3 on/off
set(A3, 'Visible','On')
set(B3, 'Visible','On')
else
set(A3, 'Visible','Off')
set(B3, 'Visible','Off')
end
line([z_c z_c],[y_min1 y_max1],'color','k','LineWidth',2.5,'LineStyle','-', 'MarkerSize', 50) %[0.5 0.5 0.5]
hold on
hold off
axis([z_c-res z_c+res y_min1 y_max1]);
axis('square')
xlabel('Time [s]');
if (get(handles.radiobutton_U,'Value')==1)
ylabel('Voltage [V]');
else
ylabel('Current [A]');
end
legend ('L1','L2','L3')
grid on
% -------------------------------------------------------------------% --- Executes on button press in checkboxL1.
function checkboxL1_Callback(hObject, eventdata, handles)
% hObject
handle to checkboxL1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hint: get(hObject,'Value') returns toggle state of checkboxL1
fazory(handles)
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% --- Executes on button press in checkboxL2.
function checkboxL2_Callback(hObject, eventdata, handles)
% hObject
handle to checkboxL2 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hint: get(hObject,'Value') returns toggle state of checkboxL2
fazory(handles)
% --- Executes on button press in checkboxL3.
function checkboxL3_Callback(hObject, eventdata, handles)
% hObject
handle to checkboxL3 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hint: get(hObject,'Value') returns toggle state of checkboxL3
fazory(handles)
% --- Executes when selected object is changed in uipanel4.
function uipanel4_SelectionChangeFcn(hObject, eventdata, handles)
% hObject
handle to the selected object in uipanel4
% eventdata structure with the following fields (see UIBUTTONGROUP)
%
EventName: string 'SelectionChanged' (read only)
%
OldValue: handle of the previously selected object or empty if none was
selected
%
NewValue: handle of the currently selected object
% handles
structure with handles and user data (see GUIDATA)
fazory(handles)
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